The response of the human CD4+ T-cell line Jurkat to infection with vaccinia virus was investigated. Virus titers peaked approximately 3 to 4 days after infection, while cell growth paralleled that of uninfected cells, indicating that growth rates were not appreciably affected by viral infection. Results from plaque assays and fluorescence-activated cell sorter (FACS) analyses of virus antigens demonstrated that a persistent infection in which the percentage of infected cells and the virus titers fluctuated from passage to passage was established. Further characterization of the persistent infection revealed that the virus influences cellular functions. Induction of interleukin-2 (IL-2) and IL-2 receptor a (IL-2Ra) in Jvac cells was shown by enzyme-linked immunosorbent assay and FACS analysis, respectively. Hybridization of cellular RNA with cloned probes confirmed the increased IL-2 expression and demonstrated that Jvac cells also expressed more IL-6 but not gamma interferon (IFN-'y) or IL-11K. Dual-antibody staining and FACS analysis for vaccinia virus antigens and IL-2Ra indicated that IL-2Ra expression was restricted to the infected cells. Jvac cells were also resistant to superinfection, an additional proof that persistent infection elicited phenotypic changes in the cell population.
The response of the human CD4+ T-cell line Jurkat to infection with vaccinia virus was investigated. Virus titers peaked approximately 3 to 4 days after infection, while cell growth paralleled that of uninfected cells, indicating that growth rates were not appreciably affected by viral infection. Results from plaque assays and fluorescence-activated cell sorter (FACS) analyses of virus antigens demonstrated that a persistent infection in which the percentage of infected cells and the virus titers fluctuated from passage to passage was established. Further characterization of the persistent infection revealed that the virus influences cellular functions. Induction of interleukin-2 (IL-2) and IL-2 receptor a (IL-2Ra) in Jvac cells was shown by enzyme-linked immunosorbent assay and FACS analysis, respectively. Hybridization of cellular RNA with cloned probes confirmed the increased IL-2 expression and demonstrated that Jvac cells also expressed more IL-6 but not gamma interferon (IFN-'y) or IL-11K. Dual-antibody staining and FACS analysis for vaccinia virus antigens and IL-2Ra indicated that IL-2Ra expression was restricted to the infected cells. Jvac cells were also resistant to superinfection, an additional proof that persistent infection elicited phenotypic changes in the cell population.
The abilities of some viruses or their gene products to alter in vitro and in vivo cellular functions are well documented. Some examples of these effects are inhibition of growth hormone by lymphocytic choriomeningitis virus (21), altered immunoglobulin synthesis by measles and influenza viruses (8) , activation of interleukin-2 (IL-2) and IL-2 receptor a (IL-2Ra) genes by the Tax protein of human T-cell leukemia virus type 1 (5, 15), and differentiation of erythroid leukemia cells by vaccinia virus (20, (23) (24) (25) .
Despite the cytocidal nature of vaccinia virus, persistent infections have been established in two cell lines, murine Friend erythroleukemia (FEL) cells and human erythroleukemia (K562) cells (20, (23) (24) (25) . Investigations of these persistent infections demonstrated that infected erythroleukemia cell lines display high levels of spontaneous differentiation after serial passage in vitro (20, (23) (24) (25) . Northern (RNA) blot hybridization of extracts from infected K562 cells indicated that there is increased expression of fetal hemoglobin, mainly of the G-gamma type (25) . Studies of the persistently infected FEL cells demonstrated that these cells are less tumorigenic than the parental cells, resist superinfection, and show chromosomal abnormalities (20, 23).
The mechanism responsible for the effects of vaccinia virus on erythroleukemia cells is still unclear, mainly because knowledge of the regulatory mechanisms for erythroid differentiation is limited. On the other hand, processes involved in T-lymphocyte differentiation have been extensively studied (for a review, see reference 32). Hence, studies of the effects of vaccinia virus on T-cell functions can be studied in greater depth at the molecular level. This report describes the establishment and characterization of Jurkat cells persistently infected with vaccinia virus and some of the changes in cellular functions that occurred. It is expected that this model system will provide new knowledge about the mechanisms by which vaccinia virus exerts its effects on cellular functions.
MATERIALS AND METHODS
Virus, cells, and reagents. The IHD-W strain of vaccinia virus was propagated and assayed in L-cell monolayers (10) . Jurkat cells (a gift of Miriam Siekevitz) were suspended in RPMI (GIBCO) medium supplemented with 10% fetal calf serum (Reheis Chemical Co.) and penicillin-streptomycin (GIBCO). In some experiments, cells were stimulated with 2% Bacto-phytohemagglutinin M (PHA) (Difco Laboratories, Detroit, Mich.) and/or 50 ng of phorbol 12-myristic 13-acetate (PMA) per ml for 24 h.
To initiate viral infection in Jurkat cells, 5 x 106 cells were resuspended in 1.0 ml of tissue culture medium and adsorbed with 5 PFU of virus per cell for 1 h at room temperature with gentle shaking. Unadsorbed virus was removed by centrifugation at 400 x g for 5 min at room temperature, and the cell pellet was resuspended in 25 ml of fresh medium. Cell viability was determined by trypan blue exclusion, and infectivity was determined by plaque assays in L cells (10) . Persistently infected cells, designated Jvac, were passaged one or two times a week by being diluted 1:5 in fresh medium.
ELISA for IL-2 production. Jurkat and Jvac cells were cultured for 1 week at 37'C in a 5% CO2 atmosphere, at which time concentrations reached 1 x 106 to 2 x 106 cells per ml. Cultures were centrifuged at 400 x g, and the supernatant was used for IL-2 assay. To measure IL-2 production during the primary infection, cells were infected and resuspended to concentrations of 2 x 105 cells per ml. Samples were taken at the times indicated in Table 2 . The Inter-Test-2 human IL-2 enzyme-linked immunosorbent assay (ELISA) kit (Genzyme, Boston, Mass.) was used to measure IL-2 levels in the culture media according to the methods described by the manufacturer. All samples were assayed in duplicate or triplicate.
Fluorescence-activated cell sorter (FACS) analysis and antibodies. Polyclonal anti-vaccinia virus antiserum was obtained from rabbits inoculated with vaccinia virus and la- analysis on an Epic S C FACS (Coulter Scientific, Hialeah, Fla.) were performed as previously described (28) (Fig. 2) .
RNAs from Jurkat and Jvac cells, as well as from PHA-PMA-stimulated Jurkat cells, were analyzed for gene expression by slot blot hybridization with radiolabeled probes for IL-113, IL-2, IL-6, and IFN--y genes. Actin expression was (23) (24) (25) . In this report, we describe the establishment of a persistent infection in T lymphocytes. Evaluation of the acute phase of infection demonstrated that the growth of the infected cells paralleled that of control cells, that these cells survived the infection, and that a persistent infection was established (Fig. 1) . Although virus titers fluctuated considerably from one passage to the next, infectivity through 75 weeks of infection was demonstrated ( Table 1) .
The mechanism(s) responsible for the establishment and maintenance of the persistent infection is not clear but may be the result of the cells replicating at a slightly greater rate than the virus. Indeed, not all cells are infected at one time (Table 2 ). In addition, interferon and other viral inhibitors may play a role in maintaining the persistent infection, as seen in other systems (4, 26, 29, 33) . Although it appears that scribed (22). Alternatively, the persistent infection may be related to the heterogeneity of the cell population. It is evident that Jvac cells are not a homogeneous population (Fig. 2) . Selective conditions for long-term virus and cell survival are created when a cell population with a range of responses toward the virus is provided (11) .
Interestingly, it appears that the persistent infection influences cellular functions. In addition to resistance to superinfection (Fig. 4) , vaccinia virus induced T-cell differentiation, as demonstrated by the increase of IL-2, IL-2Ra, and IL-6 expression in Jvac cells (Table 2 and Fig. 3 ). By contrast, vaccinia virus-infected cells did not express IFN--y (Fig. 3) . This selective stimulation is an unusual finding, because T-cell activation is associated with the expression of all these genes (32) .
Antigenic stimulation of T cells is associated with the induction of more than 100 genes (32) . Genes which are expressed during this period include those encoding lymphokines and surface receptors necessary to further potentiate the immune response. This activation can mimic the binding of many mitogens, including PHA and PMA (9) . It is possible that vaccinia virus may mediate its effects through a mitogenlike activity. The discovery that poxviruses codified for a viral growth factor and for other virokines (18, 31) indicated that they are able to exert extracellular effects. Indeed, it has been demonstrated that viral growth factor induces cell proliferation both in vitro and in vivo (7, 19 ).
However, assays for mitogenic activity of concentrated conditioned media from Jvac cells were consistently negative (unpublished data).
The significance of the effects of vaccinia virus on cell differentiation is not clear at the moment, but the effects imply the presence of trans-acting factors induced by the virus. Viral transactivator genes and the ability of their protein products to influence the expression of cellular genes have been described for some DNA-transforming viruses (3, 12, 16 
